Highly collimated bipolar outÑows have been detected in the planetary nebula NGC 6572 via groundbased optical imagery and high-resolution long-slit spectroscopy. Kinematics and morphology together provide strong evidence of a direct interaction between the collimated outÑows and the nebular elliptical shell, creating a double point-symmetric structure. As a consequence of this interaction, the elliptical shell has been broken up, and in this process parts of the shell have been accelerated, while the collimated outÑow has been slowed down and/or deÑected. These results strengthen the notion that collimated outÑows are common in planetary nebulae and may play an important role in shaping the nebular shells. In addition, our kinematic data give a solid conÐrmation of previous estimates used to derive the distance to this nebula with the parallax expansion method. Subject headings : ISM : jets and outÑows È ISM : kinematics and dynamics È planetary nebulae : individual (NGC 6572)
INTRODUCTION
Since its discovery by Struve in 1825 (see Acker et al. 1992) , NGC 6572 has been one of the most extensively observed planetary nebulae (PNs), with over 560 references listed in the SIMBAD bibliographic server. Infrared images and radio-continuum maps show an elliptical nebula with bright equatorial regions (Hora et al. 1990 ; Hajian, Terzian, & Bignell 1995, hereafter HTB ; Latter et al. 1995 ; Kawamura & Masson 1996, hereafter KM) . Photometric variability, variability of the nebular emission lines, and dramatic changes of the stellar spectrum are observed in NGC 6572 Manchado, & Herrero 1988 ; Feibelman, Aller, & (Me ndez, Hyung 1992 ; Arkhipova, Kostyakova, & Noskova 1994) ; all these indicate a noticeable internal activity. In addition, NGC 6572 represents a particularly interesting case for study because it is one of the few PNs for which the angular expansion has been accurately measured, providing a rare opportunity to apply the parallax expansion method to derive a reliable distance (Liller, Welther, & Liller 1966 ; HTB ; KM ; Terzian 1997) .
Even though numerous observations of NGC 6572 have been obtained, its internal structure at optical wavelengths remains unknown. Optical images show an elliptical envelope but not internal details (Jewitt, Danielson, & Kupferman 1986 ; Schwarz, Corradi, & Melnick 1992) . Highresolution long-slit optical spectra of NGC 6572 have not been reported so far. This kind of data allows us to study the internal kinematics and to identify the mass ejection processes involved in the formation of the object (e.g., Miranda, Guerrero, & Torrelles 1999) . In addition, kinematic information is necessary to obtain the distance by the parallax expansion method.
In this paper we report on narrowband optical images and high-resolution long-slit spectra of NGC 6572, which show details of its internal structure and kinematics. Moreover, the data reveal the presence of collimated bipolar outÑows in NGC 6572. Although collimated outÑows have already been observed in a number of PNs (e.g., Lo pez 1997), in the case of NGC 6572 not only are the collimated outÑows detected, but their interaction with the nebular shell is also clearly observed. These Ðndings have important consequences for understanding the formation and shaping of PNs.
OBSERVATIONS
Direct images were obtained on 1998 July 9 with the Calar Alto Faint Object Spectrograph (CAFOS) at the 2.2 m telescope at the Calar Alto Observatory.1 We used nar- shows remarkably well a point-symmetric distribution of four relatively low excitation compact regions, which correspond to the features observed in the images. These features, in particular the P.A. [18¡ ones, can also be identiÐed in the infrared images of Latter et al. (1995) .
The spectra show that the P.A. [18¡ features are indeed extended along the spatial direction, with sizes of 4A and 5A for the northern and southern ones, respectively, and can be traced farther inside the nebula than observed in the images (Fig. 3 ). An inner and an outer knot are identiÐed in each feature. The inner knots are located at 5A from the center and present identical but opposite radial velocity (^38 km s~1), which is the largest observed in the [N II] line. The outer knots, corresponding to those observed in the images, show a radial velocity lower than that of the inner knots and exhibit asymmetries in position and radial velocity, as well as di †erent intensities. The [N II] line proÐle in these features is relatively narrow, with a (mean) FWHM^17 km s~1 (instrumental resolution corrected).
The P.A. 15¡ system can be identiÐed in the spectrum at P.A. 15¡, with compact knots that are not well separated from the global nebular emission. Similar knots are also observed in the spectrum at P.A. 0¡, indicating a certain extent in the P.A. 15¡ system (see also below). These knots show moderate but opposite radial velocities (^7 km s~1 ; see Fig. 3 ). The [N II] velocity width in these knots is identical to that quoted above for the P.A. [18¡ features. The lowest excitation is observed at the tips of each bipolar system. It is noticeable that at P.A. 15¡, the lowest excitation is observed in two compact regions which seem to be the apex of two low-excitation curved arcs, resembling bow-shockÈlike structures with the concave part facing toward the center of the nebula (Fig. 2) . These arcs are relatively extended and can be traced between P.A.^[5¡ (175¡) and^30¡ (215¡) and at angular distances from the center of and^6A,4A .5 respectively. Within the bow-shockÈlike structures, the maximum angular distance to the center of iŝ6A .6 observed in the compact regions of lowest excitation.
On the basis of the relatively high radial velocity, small velocity width, and excitation conditions, the P.A. [18¡ features can be interpreted as highly collimated outÑow components. The inner knots at this P.A. represent a bipolar system, while bipolarity is less apparent in the outer knots. Moreover, except for the radial velocity, the P.A. [18¡ and P.A. 15¡ bipolar systems share very similar properties, indicating that they might be of similar nature. These results suggest that the two pairs of point-symmetric features are possibly the manifestation of a highly collimated bipolar outÑow whose axis has changed its orientation over time or, alternatively, of di †erent collimated outÑows in di †erent directions. We note that the radial velocity of the P.A. 15¡ system is relatively low. This could be due to a small projection angle with respect to the plane of the sky. However, the possibility cannot be ruled out that the intrinsic velocity of the P.A. 15¡ outÑow is relatively low. In fact, collimated bipolar outÑows in PNs exhibit a wide range of velocity values (Miranda, Guerrero, & Torrelles 1999 and references therein), and in some cases low velocities have been estimated (e.g., Miranda & Solf 1992) . In any case, the observations indicate episodic characteristics for collimated bipolar ejection in NGC 6572. The properties of these outÑows are typical of fast, lowionization emission regions (FLIERS ; Balick et al. 1993) and bipolar, rotating, episodic jets (BRETS ; Lo pez, & 1995). Va zquez, Rodr• guez
Geometry and Kinematics of the Shell
The narrowband images also show an ellipsoidal shell with its major axis oriented at P.A. 0¡ and containing a conspicuous equatorial density enhancement or bright toroidal structure. In the spectra, a "" velocity ellipse ÏÏ is observed at each P.A., although departures from a simple elliptical line shape are apparent.
In the PV maps at P.A.s [18¡, 0¡, and 15¡, the bright toroid produces prominent and well-separated emission maxima, whereas the PV map at P.A. 90¡ shows a tighter velocity ellipse (Fig. 3) . The angular size of the bright toroid, as deduced from the [N II] spectra, is 5@@ ] 3@@. This size has been obtained from the angular separation of the intensity peaks of the emission maxima at P.A. 0¡ and the maximum angular size of the velocity ellipse at P.A. 90¡. Maximum radial velocity (14 km s~1) is observed around P.A. 0¡, while at P.A. 90¡ the maximum angular size of the velocity ellipse is observed essentially at the systemic velocity. These data are compatible with a tilted toroid whose axis is oriented at P.A. 0¡. If the toroid is circular, we obtain an inclination angle of 37¡ for the axis with respect to the plane of the sky and an expansion velocity of 18 km s~1 in [N II]. In the Ha spectra (not shown here), well-separated emission maxima due to the toroid are also observed. From Ha we obtain an inclination of 38¡, an expansion velocity of 14 km s~1, and a diameter of 3A for the toroid. The images suggest that the size of the toroid in [O III] is somewhat smaller than in Ha. A (mean) kinematic age of^700 yr for this structure is deduced from [N II] and Ha (distance 1.2 kpc, see below). Nevertheless, di †erences exist between the individual kinematic ages in [N II] (^790 yr) and Ha (^610 yr), since in these two species the expansion velocity and radius are not proportional to each other. It is worth noting that the measurement of the radial velocity in long-slit spectra is based on di †erential measurements, which leads to corresponding small errors. In particular, we estimate an error of^1 km s~1 in the expansion velocity.
The general kinematics of the ellipsoidal shell, as observed in the [N II] emission line, have been analyzed with an ellipsoid model considering that the toroid traces the equatorial plane. In this way, the polar expansion veloc-ity is the only additional parameter needed to generate (V P ) di †erent ellipsoids. In order to illustrate the results, Figure 4 shows the elliptical line shapes expected from two ellipsoids characterized by and 50 km s~1, superposed on the V P \ 27 PV map at P.A. 15¡. It can be seen that this model is not able to convincingly reproduce the observed PV map. The same was found for other P.A.s and di †erent values of In V P . particular, whereas the inner (^4A) regions of the nebula are compatible with a relatively slowly expanding ellipsoid (represented by the km s~1 velocity ellipse, Fig. 4 ), V P \ 27 the spatio-kinematic properties of the outer regions, corresponding to the P.A. 15¡ features, suggest a di †erent kinematic regime. These results are noticeable because the global kinematics of elliptical PNs can be described very well using an ellipsoidal geometry (e.g., OÏDell & Ball 1990 ; Miranda & Solf 1992 ; see also Frank & Mellema 1994) . We have therefore considered whether the kinematics of the shell could have been distorted so that it cannot be described using an ellipsoidal geometry. The data strongly suggest that this is the case. In addition to the results from the model, the PV map at P.A. [18¡ clearly shows that the shell is open, and a velocity ellipse is difficult to recognize. Moreover, the spectra at P.A.s [18¡ and 15¡ are virtually symmetrical with respect to the major nebular axis, and if the shell were an ellipsoid, the PV maps should be virtually identical to each other. However, substantial di †erences can be appreciated among them. Below (°3.4) we will discuss the implications of these results. 
T he Distance
Independent measurements by HTB and KM at the 6 cm continuum agree with an angular expansion rate of 2.5 mas yr~1 for the toroid. They used an expansion velocity of 14 km s~1 to derive a distance of 1.2 kpc. This expansion velocity was obtained from the splitting of published line proÐles, corrected for inclination of the nebula, while a large error (^4 km s~1) was considered to account for the unknown kinematics (see Masson 1989) . Our highresolution long-slit spectra provide new key information about the kinematics and geometry of NGC 6572. We have obtained an inclination angle of 38¡ for the axis of the toroid, in agreement with the value of 40¡ deduced by Masson (1989) from modeling the radio continuum emission maps of NGC 6572. In addition, a precise value for the expansion velocity of the toroid in Ha has been deduced. This is important because the Ha and 6 cm continuum emissions trace virtually identical regions, ensuring that both the angular expansion and the expansion velocity refer to the same nebular region (the toroid). Remarkably, our data show that the value used by HTB and KM for the expansion velocity does indeed correspond to the Ha emission, providing a solid support for the distance of 1.2 kpc derived by these authors. Moreover, these results also demonstrate that detailed spatio-kinematic models of PNs based on high-resolution long-slit spectroscopy are necessary to obtain reliable distances by the parallax expansion method, as already pointed out by Hajian & Terzian (1996) .
Interaction of Nebular Components
The most important results from the present observations are the detection of collimated bipolar outÑows in NGC 6572 and the peculiar kinematics of the shell. The combination of these two results provides conclusive evidence of a strong interaction between the collimated outÑow and the shell. This interaction can now be easily recognized at P.A. [18¡, where the open-ended shell and the P.A. [18¡ features are observed. The data also reveal how the collimated outÑow has broken up the shell, and how in this process parts of the shell have been accelerated while the collimated outÑow has been slowed down and/or has changed its direction. This interpretation explains the peculiar PV map at P.A. [18¡. In addition, the di †erent properties of the outer knots could be explained if di †erent physical conditions exist in and/or around each knot, so that the results of the interaction are di †erent in each case. The compact knots at P.A. 15¡ in the [N II]/[O III] map (Fig. 2) are likely to be tracing the contact points of the collimated outÑow with the border of the shell. Evidence for interaction is also indicated by the low-excitation, bowshockÈlike structures around these compact knots, suggesting shocked, swept-up material. In this case, our data do not show evidence that the collimated outÑow has broken up the shell. This suggests that the collimated outÑowÈshell interaction at P.A. 15¡ occurs under di †erent physical conditions from those at P.A. [18¡. This could also be related to a possible low velocity of the P.A. 15¡ system. In any case, a direct relationship between the collimated outÑow and the peculiar kinematics of the shell around P.A. 15¡ is suggested by the observations (Fig. 4 ; see above) .
The new data suggest that three di †erent interacting winds have been involved in the formation of NGC 6572. A Ðrst slow wind from the red giant progenitor produces a dense equatorial zone (e.g., Hora et al. 1990) . A second fast wind from the central star interacts with the Ðrst wind, and the interaction between the fast wind and the anisotropic slow wind results in the formation of an elongated shell (see Zhang & Kwok 1998 and references therein). Finally, a third, collimated bipolar wind (outÑow) determines the observed point symmetry and the peculiar kinematics of the shell.
Highly collimated outÑows with episodic characteristics and/or changes of direction are observed in an increasing number of PNs, with NGC 6543 and Fg 1 among the most outstanding objects (Miranda & Solf 1992 ; Lo pez, Meaburn, & Palmer 1993 ; see also 1997 ; Corradi et Lo pez al. 1997 ; Miranda et al. 1999 and references therein). The detection of this kind of structure in a PN as extensively observed as NGC 6572 provides support for the idea that collimated outÑow components may be a common characteristic in the evolution of PNs. Collimated outÑows are also invoked to explain point-symmetric structures in PNs (Miranda & Solf 1992 ; Schwarz 1993 ; Corradi, Schwarz, Stanghellini 1993 ; Miranda et al. 1997 ; Guerrero, Va zquez, & 1999) . Hubble Space T elescope images of PNs have Lo pez shown a large variety of point-symmetric features at or near the border of a shell (Sahai & Trauger 1998 ; Bobrowski et al. 1998 ). These elements have been interpreted as a result of collimated outÑows interacting with the shell. In NGC 6572 similar point-symmetric structures are apparent in the images. However, here it is the kinematics that provides for the Ðrst time the key supporting evidence for that interaction. Monitoring of NGC 6572 at higher spatial resolution is necessary to study the interaction in detail. In addition, it is reasonable to expect that the results of the interaction will depend on the (relative) physical properties of the collimated outÑow and shell. Di †erent properties could result in a large variety of collimated and pointsymmetric structures, as are in fact observed in PNs. Models and simulations of collimated outÑowÈshell interaction would be highly valuable to explore the di †erent scenarios suggested by the observations.
